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Optical investigations on the biaxial smecticA phase of a bent-core compound
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Several unique optical properties have been obtained from freestanding films of a bent-core compound. Our
experimental results indicate the existence of the antiferroelectric biaxial srAg@itrA) phase. The critical
exponent associated with the biaxiality through the uniaxial-antiferroelectric biaxi&l amsition has been
measured to be 0.82+0.04, which is in good agreement with our theoretical calculation. Our theoretical
advances further demonstrate that the critical behavior of the optical biaxiality with the order parameter being
a vector is described by the secondary-order parameter of the three-dimed&famaldel. We also observe a
remarkable even—odd layering effect exhibited by the surface layers of freestanding films under an applied
electric field(=20 V/cm) in the film plane.
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I. INTRODUCTION eter of the three-dimension@BD) XY model if the order

parameter is a vector. This is in contrast with the transitions
described by a director, where the optical biaxiality is pro-
ortional to the leading order parameter. Moreover, we report
surface transition occurring in films of even number of

In a biaxial smectiA (SmA) phase, one of the principal
axes is along the layer normé). The other two inequiva-
lent orthogonal principal axes are in the layer plane. Depend;

ing on whetherz is a twofold rotational axis or not of the layers(N) under an applied in-plane electric figlE) on the

biaxial SmA_, thg ordgr parameter of the unl_aX|aI—b|ax_|aI order of 20 V/cm. Such a surface transition does not occur
SmA transition is a director or vector, respectively. For in- in films of odd N

stance, the biaxial S (the Cy,) phase predicted by de
Genneg[1] and reported in Refd2—4] has a twofold rota-
tional symmetry around [see Fig. 1a)] while the one(the Il. EXPERIMENTAL METHODS

Cp) predicted by Brancet al. [5] and evidenced in bulk 5 oyr NTE, A measures the phase difference between the
samples in Ref[6] does nofsee Fig. Ib)]. TheCp hasC;, 5 ands components of the incident light with wavelength
symmetry and allows the existence of a spontaneous electrgz3 nm to produce linearly polarized transmitted ligfit.

polarization along the rotational axis which is in the layer yegcripes the polarization angle of this linearly polarized
plane. TheCp can be ferroelectric or antiferroelectric, de-

pending on the molecular arrangements in the successive
layers. b S
In this paper, we report null transmission ellipsometry ﬂﬂﬂ £ <i<<<®é01
(NTE) [7] studies on freestanding films of a bent-core com-

©
pound 1g14. Its molecular structure and phase sequence are Ja)
given in Fig. 1c). The biaxial and uniaxial S phases are NC@'080'08 08@08@0&41{”

(a) Cy phase 1\€e (b) Cp phase 1\

named SnAy, and SmA,, respectively, due to the partial Crystal(130°C)SmA4,(137°C)SmA4(140°C)lsotropic

bilayer molecular packingB]. The enthalpy associated with @ ©

the SmAy,-SmAy transition is 0.13 kJ/mol[8], which is 5‘%1 3|—(2)‘|1

relatively small and indicates that the transition is either T —

weakly first order or continuous. Our investigations demon- ® \\’ ® \

strate that the SrAy, is the antiferroelectri€p phase. From Air Air

our high-resolution data obtained from thick freestanding gﬂse €2 &

films, the critical exponents,) of the biaxiality, the differ- Ak—@ef’Tz = ol

ence of the dielectric constants in the layer plane through the Laser light Laser light

uniaxial SmA—antiferroelectricCp transition has been found _ _
to be 0.82+0.04. The value @&, agrees well with our the- FIG. 1. (a) and(b) schematically show the molecular packing,

oretical calculation. We show that the critical behavior of theth® Principal axes, and the dielectric constants of @yeand Cp

optical biaxiality is described by the secondary-order aramphases(c) presents the chemical structure and phase sequence of
P y y Y P 1g14. The bend in the molecule is determined by the bonds to the

central benzene ring. To save space, the molecule is drawn straight.
(d) and (e) depict the film plates used in our studi€f) and (g)
*Present address: Advanced Photon Source, Argonne Nationghow the two different geometries of the biaxial ellipsoid relative to
Laboratory, Argonne, IL 60439. the incident plane.
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B FIG. 3. ¥ andA versusa from four-, five-, six-, and seven-layer

FIG. 2. E map from numerical simulations for the film plate films (@—~(d) under[E|=22 V/cm atT.-T=3.2K in the SmAg,
with four electrodes. The potentials of four electrodes in arbitraryPhase.V from four- and six-layer films are not shown to save
units are labeled beside them, respectively. The middle circle indiSPace. The solid lines ifb) and(d) are fits to the data.
cates the position of the opening where freestanding films suspend.
_ _ ) ) types of film plates work fine for applying parallel or per-
light. Our resolution for¥” and A is 0.002°. Details of our  pendicular to the incident plane. We compared the results
NTE are described in a recent pagey. _ _ obtained using both film plates and found out they are the
~Inour studies, a small d& of about 20 V/cm is applied  same. These two film plates have very different boundary
in the layer plane. If there is a nonzero net electric polarizagonditions and yield different orientation as well as strength
tion in the layer plane, the alignment of the electric polariza-of E near the boundaries. The consistency of our experimen-
tion by E can create a single domain larger than our laseta| data obtained from the centers of the film holes of two
beam. Note that the range of ofirstrength is large enough itferent film plates demonstrates that the effect of boundary
to align the molecular orientation but is too small to changeg is small and can be ignored.
the intrinsic properties of liquid crysta[40]. Moreover, the In freestanding films the thickness is quantized in integer
effect due to the coupling between the dielectric anisotropy,ymbers of layers. For freestanding films in the uniaxial
[11] and such smak can be ignored because the coupling issma phase, there are analytical solutions BrandA as a
of higher order oE. Upon reducing field to zero, the films  fynction of the dielectric constants aloigee) and in the
in the SmAy, phase will develop multidomains due to ther- |5yer plane(s,), the layer spacinghy), and N [9,12. By

mal fluclt(gation?.f_l | , o measuring? andA of many films with different thicknesses
Two kinds of film plates depicted in Figs(d) and X&) 54 fitting the data with analytical calculationss, ., and
have been used in our studies. For the one in Fid),Ihe 1, " 5ng N of these filmg can be obtained13]. After the
voltages applied to the electrodes afg=V cog45°X (M  yhtical parameters are knowN, of any film can be deter-
-1)-«], wherem ranges from 1 to 8. In this way, a uniform mined. For 1g14, tal K above the Sniy,-SmA, transition
rotatable E with azimuthal anglex can be created in the temperature(T,) in the uniaxial SmA; phase, about 30
center of the hole where our laser beam passes throughims were prepared andy, €,, h, Were acquired to be
When a=90° or 270° the direction oF is perpendicular to (1 635+0.00%, (1.51510.0(5120, and 521+003 nm. re-
the incident plane defined by the wave vector of the Iase%pectively. Our layer spacing measurement agrees well with

light andZz. The film plate illustrated in Fig.(#) allows us to the result obtained from x-ray diffractiis, 14
apply E parallel or perpendicular to the incident plane. For "

instance, by settiny, 0, -V, and 0 to electrode 1, 2, 3, and
4, respectivelyE pointing from the midpoint of electrode 1 Ill. EXPERIMENTAL RESULTS AND DISCUSSION
to the midpoint of electrode 3 can be created in the center of A The biaxial SMA ph
the hole. The diameter of the hole on the film plate with eight - 1he blaxial SmA phase
and four electrodes was 4.5 and 2.0 mm, respectively. The At T.—-T=3.2 K in the SmAy, phase, rotations of on
distance between the parallel electrodes of the film plate wittmany films were performed by using the film plate with eight
four electrodes was 4.5 mm. The area of our laser spot ogalectrodes. The scattering nature of the data obtained from
films is less than 0.5 mfn films of evenN indicates that there is no detectable net elec-
A simulation of E in the film plate with four electrodes is tric polarization in the film plane while data from films of
shown in Fig. 2. At the corners and the places that are closedd N suggest that there is a net polarization. This even—odd
to two electrodes with zero potentidl,is curved and strong. layering effect is typical for antiferroelectric samples in
However, in the area where the films locéirethe circle, E ~ which the direction of the electric polarization alternates
is uniform and weak. The simulation & for the film plate  from layer to layef{15]. Data acquired from four-, five-, six-,
with eight electrodes can be found in REJ]. It also shows and seven-layer films are shown in Fig. 3.
that E is uniform in the region where our film is located. = More importantly, the data obtained from films of obid
These simulations have demonstrated that the deviation aftrongly suggest that neithdf nor A changes upon reversal
the direction ofE from the desired direction in the area of the of E; namely, the optical properties of the film are invariant
laser spot for both types of film plates is less than 1°. Bothupon such reversal. Since the molecules are rotated aound
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FIG. 4. This picture shows the image captured from an odd- 0'1 1'
layer film with E=0 at T=135 °C under crossed polarizers. Seven T TTR)

+1 point defects can be identified in this photo.
FIG. 5. (a) shows the temperature dependencéa dfom a 321-

b o | G the | . hati layer film under two directions oE with |E/=25 V/cm obtained
y 180° upon reversal dk, the invariance means thatis upon heating. Open and solid circles are Eoparallel and perpen-

one of the principal axes of the dielectric tensor of films of yjcyjar to the incident plane, respectively. The inset shows the data

oddN. Thus,z s also one principal axis for a single layer. In gyer a small temperature window closeTio (b) presents,— A, of

addition, the variation o andA as a function otx suggests  the data in(@). The inset highlights\ ,—A; aboveT, with circles for

that the other two principal axes of the dielectric tensor mustne 321-layer film. The squares in the inset Ape- A; from a seven-

be inequivalent. Therefore, these demonstrate that thgyer film.(c) showss(A,-A;) versusT.-Tin a log to log scale for

SmAy, phase is the antiferroelectr, phase. the 321-layer film after the effect due to surface layers is subtracted
Numerical simulations of the data obtained under rotabelow T.. Symbols are results and the solid line is a linear fit. The

tions of E were done with the X4 matrix method[12]. error bar of temperatures is also displayeddn Due to the fact

€er 01, £z, @nd the layer spacin@n) used in the simulation that the direction oE was switched upon heating, the error bar is

of Figs. 3b) and 3d) are 1.675, 1.5103, 1.5195, 5.14 nm 30 and 15 mK below and abovk-0.8 K, respectively.

and 1.708, 1.51¢, 1.52¢, 5.16 nm, respectively. The re-

spective parameters to fit the data obtained from 121- ang ,, §,,, &, and &, indicate the temperature variation of

43-layer films at 3.8 K belowl, are 1.656, 1.51F, 1.51%, ¢, &.,, h, ande, from the valueS(e,, &,, ho, and e, re-

5.16 nm, and 1.650 1.51F, 1.51%, 5.19 nm. These param- spectively in the uniaxial SmA phase. Within the tempera-

eters indicate that the variations lofand the dielectric con- ture range we studied,;, 5,,, &, andé, are small. We have

stants from the values in the Sy phase are small when

temperature is close t®.. This will be useful for later dis- Ap = Aj = Aleoz,£01,,8¢) ~ Aleor, 8020 8¢)

cussions. . . . . = Ao+ 62,80+ Jo1,N0 + S 8e0+ Oe)
Upon removing the appliel, the Schlieren texture with
only s= +1 point defects characterized by four dark brushes, ~Algo + Bo1,80 + 2.0+ Sn€eo + 5e)
is visible by the reflected optical microscopy under crossed ~[A1(80,€0,N0:Ee0) = Ao(€0,80,N0s €60) 1 (€02 = E01)

polarizers. One of such pictures from an odd-layer film taken ] - ]

at 135 °C is shown in Fig. 4. From 15 different films with Where A, and A, are the first-order derivatives af with
E=0, we always observe sevesat +1 point defects in each respect to the first and second variable, respectively. In the
film and did not observe ang=half-integer point defect. approximation, only the first order terms of the Taylor ex-
Some films were prepared and observed without apyiiied Pansion are taken into account. From the analytical solutions,

Thus the molecular arrangement beldis truly a biaxial ~We know thatA;-A; is nonzero for physically reasonable
C, phase. parameters. Thug\,—A; is proportional toe,;—&0;.

Temperature ramps were conducted on many films of odd
N with both film plates. Although the films were prepared
and kept in an inert gas environment, we detected a notice-

Our next goal is to study the temperature dependence adble 0.50 mK/min drift inT, due to sample thermal degra-
the biaxiality e,o—&4;. If one of the principal axes of the dation. To minimize the complications caused by such an
dielectric tensor in the layer plane of the @@, phase is in  effect, we acquired the data in the following procedures.
the incident plane, as is depicted in Figef)land Xg), there  During temperature ramps the direction Bfwas switched
are analytical solutions fo¥ andA following Refs.[12] and  every 5 min between being perpendicular and parallel to the
[9]. If the dielectric constants are uniform alozgthe two incident plane. The temperature ramping rate was set to be
configurations in Figs. (f) and Xg) can be achieved by ap- 12 mK/min belowT.—0.8 K and 6 mK/min above that tem-
plying E perpendicular and parallel to the incident plane,perature. Typical data obtained from a 321-layer film are
respectively, to films of oddN because they have a nonzero presented in Fig. ®). As the inset of Fig. &) shows, be-
net electric polarization. Let\, and A; denoteA for the  tweenT, and T5, the direction ofE is perpendicular to the
configurations in Figs. (f) and Xg), respectively. Also incident plane. We do not have the data foin the incident

B. Critical exponent associated with the biaxiality
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plane. However, since this window is smé&l.03 K in the  exponents, but, like B, it may be evaluated by the conven-
insey, the data are determined by linear interpolation of thetional renormalization group proceduis,17. For that pur-
data overTy and Ty, andT; andT,. A similar procedure has nqe e add a perturbation((ii-®)?) to the conventional
been applied to the data with perpendicular to the incident Hamiltonian of theXy model

plane. Then the difference as a function of temperature can '
be taken and the results are presented in Kig). 3he inset . . R
of Fig. 5(b) showsA,—A; aboveT, with circles for the 321- H= f dNK(V - @)? + td? + u(d?)?],

layer film. The nonzera\,—4; is due to the biaxiality in

surface layers with enhanced ordering. A linear fit is done forand use the 4e expansion technique. The straightforward
the results abova +0.3 K and the effect due to surface one-loop renormalization group equations for the coupling
layers is subtracted from the results in Figb)s The final  constants read
results 8(A,—A;) below T, are presented in Fig.(§ in a

log-log plot. A linear function provides an excellent fit over

about two decades in the reduced temperature scale with a

dt/dé =2t — 32tu — 8wu,

slope of3,=0.83. du/dé = eu - 802,
As briefly mentioned above, the effect of surface layers
onA,-A; is assumed to be linear with temperature for sim- dw/dé = 2w - 16wu.

plicity. For comparison,A,—4; from a seven-layer film
above T, is also presented in the inset of Fig(bb with
squares. As shown in the insét,—A; from 321- and seven-
layer films coincide at temperature 0.2 K aboVg This
indicates that there are at most seven surface layers whi
differ from the interior layers. Thus the error due to the sur-
face layers o3, from the 321-layer film is less than 3%.

The first two equations here are fairly standgt8], while
the last one is needed to find the critical expongntThe
fixed point to the linear order i is given byu* = €/80 and
Ctﬁ:w*zo, and the relevant fixed point eigenvalues ge
=2-2¢/5; andy,,=2—¢€/5. According to the standard scaling
argumentg18] the order parameter critical exponent is given

Similarly, 8, obtained from 587-, 597-, and 151-layer P £2=(d=Yw)/¥,, which leads tq3,=1-€/5. Notice tf_h':llt to
films is 0.78, 0.84, and 0.83, respectively. The average i§1& same order ire the leading exponent 18] B=3(1
0.82 and the error bar i0.04 to cover all the results. This ~3¢/10) and therefore, indeeds,> 2 for d<4, the upper
value is for sure more than twice the order parameter expd=fitical dimensionality for theXY model. Employing two-
nent of the 3DXY model: B~0.35. In the following, we 100P results from Ref[17], one findsB,=1-¢/5+3¢°/50
demonstrate that the optical biaxiality in t@ phase does +O(€). Substituting finallye=1, one may estimate the ex-
not scale with the order parameter expongntbut rather ~Ponent as3,~0.86, in a very good agreement with our ex-
with a different and independent critical exponght=24.  Perimental findings,=0.82+0.04.
Here the equality takes place only above the upper critical Our B, also agrees well with the critical exponent of the
dimension(d=4), while in 3D samples this is a strict in- Second harmonic-order parameter determined from the x-ray
equality. This statement should be contrasted with the behaiffraction intensity profile through the S@to Sml transi-
ior of the biaxialCy, phase, where the optical biaxiality is tion [16]. Unlike previous measuremenfd6], where the
proportional to the leading order parameter. whole set of exponentﬁn (1§ n< 7) were ext_racted from

The orientation of moleculbin liquid crystal layem can the same data, the optical biaxiality is exclusively related to

be characterized by a vector of dipole momépi In theC,  the secondary-order parametéi-)) of the Cp, and there-
phase, the dipole nature of molecules and the character #re provides a direct access to the valugdef This discus-
ordering tell us that the order parameter for the transitiorsion clarifies the difference between t@p andCy, phases.
into the Cp state is® = (-1)™d;,, and =dj,, for the antiferro- " the latter case the leading order paramete(ciss 2)
electric and ferroelectri€p, respectively. In terms of)(r), (since{cos¢) is identically zero by the director nature of the

the transition is described by an anisotropic X model. order parameter Thus, the optical biaxiality is proportional

The orientation of the principal axes of the dielectric tensortO the leading order parametgd].

£(r) is related to the orientation @f)(r), and thus fluctuates C. Even—odd layering effect on the surface layers

together with it. At optical frequency, in terms of the angle | aqdition to the critical exponent, the surface layers of
¢(r) between this vector and a direction in the laboratoryfreestanding films of 1g14 also show a remarkable even—odd
framee=0"(¢)diage,,£,}O(¢). HereO(¢) is an azimuthal layering effect undeE on the order of 20 V/cm. The tem-
rotation matrix of a molecule, anh , are the principal di- perature dependence 4f obtained upon heating from four
electric constants of a fully-ordered state. The biaxiality isfilms using the film plate with eight electrodes undef
characterized by the difference of the observed principal val=22 V/cm are presented in Fig. 6. From the dafaat «
ues of the dielectric tensore,;—e.,=(e1—gp)(COs 2p)  =90°(Agp) is always larger tha at «=0°(A,) for films of
oddN. For films of ever\, there is a temperature window in
which Agg<A,. At high enough temperatures, like the data
» L =, obtained from films of oddN, Agg> A,.

The critical exponenp, of ((n-®)°) cannot be expressed  The observation can be explained by the following model.
in terms of the leading-order parametar®) of the critical ~ As temperature approach&sfrom below, the interior layers

oc[((ﬁ-(f))2>—1/2], with A being a unit vector in the direction
of the spontaneous polarization.
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FIG. 6. A versus temperature obtained upon heating at ] ) ]
30 mK/min from eight-, nine-, ten-, and 11-layer filnga)—(d). FIG. 8. ¥ and A versusa obtained from an elght-layer film at
During heating,« was switched between @dpen circlesand 90° 2.5 K above T, under E=4.5 V/cm (open circles and E
(solid circleg every 5 min. The strength & was 22 V//cm for all =20 V/cm(solid circleg. The solid lines are guides to the eye.

the films.
the interior layers becomes weak. A sméllcan slightly

gradually become uniaxial. However, due to the enhancedistort the ground state, leading to the structure shown in
surface ordering, the surface layers can be biaxial even &tig. 7(b.1). The angle betweeh; andE is equal to the one
temperatures abovk. In films of oddN, the polarizations of ~betweenb, andE. The two angles are slightly smaller than
the two surface layers are parallel in the 8g phase and 90°. This arrangement of the two surface polarizations gives
remain so as temperature increases uidérmodel of films @ net polarization along the direction Bf In this arrange-
of odd N is schematically depicted in Fig(& with a three- ment, g, is smaller thare ;. Thus,Agy<<A, is expected. As
layer film as an exampleb; and b, represent the twd  temperature continues to increase, the angle bete@md
vectors(and the two polarization®f the two surface layers. b, becomes smaller. Eventually, they are forced to be parallel
The straight rod in the right cartoon conveys that this layeito each other. The result i§>e, and Ag;>A,. What oc-
becomes uniaxial. The result is that on average the dielectrigurs in even-layer films viewed along a direction perpendicu-
constant alonge (g) is always larger than the one perpen- lar tozandE is also schematically shown in Fig(72). This
dicular toE (e,) andAgy is always larger than, as long as ~ argument yields a satisfactory explanation of our data shown
there is some polarization and biaxiality in the surface layersin Fig. 6. . .

However, for films of everN, the polarization of the two At given temperature, increasing the strengthEotan
surface layers are antiparallel in the g phase. As tem- also induce the surface transition in even-layer films. Data

perature increases, the coupling of the surface layers througPtained from an eight-layer film under two strengths-ait
-T.=2.5K is presented in Fig. 8. Undé&t=4.5 V/cm,

(@ both ¥ and A as a function ofa exhibit a W-like curve,
by by which suggests that;j<e,. UnderE=20 V/cm, the curves
E of both¥ andA as a function ofa are M-like, which indi-
« - cates thats | <g;. This behavior can be explained by the
=( above argument, namely, undé=4.5 V/cm, the angle be-
b, 2

tweenb; andb, is close to 180° while undde=20 V/cm,

) the angle is close to 0°.

®.1) ®.2) Another point is that in Figs. (@) and Gc), there is a

2_1« by temperature at whichhy and Aqq cross(indicated asls and

E Te, respectively. Ty is 2° higher thanTg. This is because the
- cee | coupling of two surface layers is stronger in eight-layer films

by b, by by bitb: <« | than in ten-layer films. It needs more thermal fluctuation to

Y ){,’ ﬁg« break the coupling of two surface layers in eight-layer films

e ——
T increases

E E E

Ti :
nereases : > than ten-layer films under the same strengtheof
T increases
FIG. 7. (a) and (b) schematically depict what occurs in films V. CONCLUSION
with odd and even layers undEras temperature is increased from ) S
the biaxial to uniaxial SnA phase, respectively. k@) and(b.2), the In summary, NTE results obtained from freestanding films

viewing direction is perpendicular tbandE. In (b.1) the viewing ~ are presented to demonstrate the existence of the antiferro-
direction is alongz. The straight rods irfa) and(b.2) convey that  electricCp phase. The critical exponent associated with the
these layers become uniaxial. biaxiality has been measured to k#=0.82+0.04. This
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